Abstract-Recently, the RF/microwave electronic technology evolved with the consideration of plastic and organic substrates. Such a technology offers two-folded benefits: in one side for lowering the fabrication cost and in another side for the possibility to bend electronic devices. Such a technology is particularly interesting for the implementation of antenna system. This paper is dealing with the design of flexible microstrip 1×2 antenna array. Theoretical approach on the typically symmetrical 1×2 antenna array is proposed. The design methodology of microstrip antenna combined with 1 : 2 T-power divider (T-PWD) is described. Based on the transmission line theory, the S-parameter model of the antenna system with non-standard reference load is established. Then, the microstrip antenna passive system is theoretical analysed in function of the physical dimensions of the designed structure. The feasibility of the flexible antenna passive system is investigated with the proof-of-concept (POC) designed on Kapton substrate. The POC prototype consisted of microstrip 1 × 2 antenna array is designed to operate at about 5.8 GHz. Comparisons between the full wave simulated and measured return losses were performed. Then, simulated radiation pattern highlights the efficiency of the fabricated prototype of passive antenna array.
INTRODUCTION
The modern civilian and industrial automated environments require more and more wireless communication systems [1] . To meet the public and industrial demands, the wireless communication as the RFID and wearable devices evolves with constantly improved design techniques [2, 3] . In this way, a recent green and organic inkjet technology was emerged to meet challenging ecological and lowered cost [4] [5] [6] . Thanks to the challenging performances in terms of cost and outstanding compactness, the electronic flexible technology was recently adopted in the various fields of applications as RFID, WLAN technology and medical engineering [7] [8] [9] .
The flexible RF/microwave circuit and antenna design is currently developed and promisingly advantageous in terms of costs. Therefore, the flexible antenna design topic attracts the attention of design and research engineers [10] [11] [12] [13] . Accordingly, single planar designs of flexible bowtie antenna [10] , dual-band antenna for WLAN applications [11] , dual-band LCP antenna for RFID applications [12] and flexible monopole antenna [13] were recently performed. But the flexible antenna can be also imagined to be implemented on innovative systems as curved radar cross sections [14] . The radar front-end systems, for example, with electronic beam steering controls are usually implemented with antenna array [15, 16] . However, so far, little or no research work was carried out on the feasibility of antenna array system implemented in flexible or plastic technology. For this reason, the present research work is focused on the feasibility of simple 1 × 2 antenna array design methodology. To do this, the simple antenna topology is elaborated in microstrip technology [17] .
Thanks to its potential of compactness, the microstrip antenna remains one of the most popular wireless terminal technologies [18] [19] [20] [21] [22] [23] . In addition, the microstrip antenna theory can be exploited for the improvement of design technique [17] [18] [19] . However, the existing research work on the microstrip antenna is generally based on the classical rigid printed substrate [16] [17] [18] [19] [20] [21] [22] [23] . As examples of research work available on this topic, one can cite the analysis of circular microstrip antenna [18] , the influence on the antenna bandwidth [19, 20] , the antenna E-shape topology [21] , polarization circuit improvement [22] and even the investigation between the antenna and microstrip line [23] . Beyond the single antenna performance, the microstrip antenna array configuration enables to achieve higher performances in the matter of gain and the beam wave radiation. Moreover, the antenna arrays offer naturally significant degree of freedom to control the radiation pattern. In this paper, we are proposing the feasibility investigation on the design and implementation of typically passive antenna array as can be used in phased-array radar system [15, 16] in flexible technology. The investigation is based on the commercially available HN type Kapton substrate [24] . In addition to the flexibility aspect for the implementation of bended circuit, the choice of this substrate can be technically justified by the availability on its electrical and electromagnetic (EM) properties as the values of dielectric constant ε r and loss tangent tan(δ) which are noticeably interesting to achieve a significant antenna performance.
For the better understanding, the paper is essentially organized in three sections. Section 2 is dedicated to the design methodology of the proposed passive antenna array system. The study illustrates the choice of the Kapton HN type substrate and the synthesis method. In addition, the proposed 1 × 2 antenna array built with the T-tree power divider (T-PWD) as introduced in [25] will be modeled in non-standard reference load S-parameter. This analytical approach is established from the transmission line theory in which physical dimensions and input impedances are studied. Section 3 described the proof-of-concepts (POCs) as the demonstrator prototype. The feasibility of the proposed antenna array design will be carried with comparisons between the full wave simulations and measurements of return losses. Finally, Section 4 is the paper conclusion.
DESIGN METHODOLOGY OF T-PWD BASED PASSIVE 1 × 2 ANTENNA ARRAY
The proposed hexapole system constituted by single input and double output ports is composed of a 1 : 2 T-PWD terminated by microstrip antennas. The present section develops the design methodology of the antenna array topology and the S-parameter modelling. Then, the synthesis method of the antenna array is performed in function of the given return loss level.
Antenna Synthesis Method
The configuration of the microstrip antenna structure is depicted in Fig. 1 . The microstrip antenna is assumed to be printed on dielectric substrate presenting thickness h and relative permittivity ε r . The dielectric substrate is supposed with dimensions w sub × L sub . The metallic conductor of the structure is considered presenting thickness t, physical length d and width w.
According to the transmission line (TL) theory, half-wave antenna dimension must present physical length d in function of the resonance and radiating frequency f 0 given by:
with c the vacuum light speed and ε eff the effective relative permittivity. Based on the Hammerstad and Jensen microstrip TL theory [26] , the patch physical width w can be approximately determined by:
In addition, as defined in [27] , the microstrip antenna input impedance will serve us as the initial step during the synthesis of the microstrip antenna. Next, the phased-array system synthesis depends on the T-PWD. 
T-PWD Synthesis Method for the Antenna Array Design
As aforementioned, the 1 × 2 antenna array structure is designed with PWD configure in symmetrical T-tree. The electrical interconnections are constituted by microstrip lines with physical length to be determined later.
Configuration of the 1 : 2 Antenna Array System
Similar to the topology proposed in [25] , the symmetrical T-PWD under study is implemented in microstrip technology. Fig. 2 represents the 2D configuration of this typically single input and multiple outputs (SIMO) microstrip structure. It is noteworthy that in difference with the investigation developed in [25] , this 1 : 2 tree distribution network is terminated with the microstrip antennas. The overall structure is printed on the flexible Kapton substrate. Furthermore, the T-PWD system input and output impedances are respectively denoted by R 0 = 50 Ω and Z A which should be optimized in order to match the system input access. This microstrip T-PWD is typically a hexapole topology with single input and double output. The illustrative diagram of the equivalent circuits can be found in Fig. 3 . The overall system input port is denoted 1 and the output ports are denoted by 2 and 3. It can be emphasized that this T-PWD is loaded by the antenna input impedances Z A .2 and Z A . 3 . In other words, it acts as SIMO topology with input load R 0 and outputs loads Z as a symmetrical T-tree, the interconnect lines TL 2 and TL 3 were assumed with the same dimensions w 2 = w 3 = w and d 2 = d 3 = d. In addition, the output loads corresponding to the antenna input impedances are also considered as identical
Analytical Modelling of the T-PWD Structure
The whole system proposed in Fig. 3 can be reduced by the SISO (Single Input Single Output) equivalent circuit as highlighted in Fig. 4 . The overall and intermediate circuit input impedances are respectively denoted Z in and Z eq . The circuit analysis can be performed based on the configuration of these cascaded TLs.
The principal objective of this synthesis is to find the correct dimensions (w, d) of each part of the T-PWD line in order to obtain a return loss as low as possible (S 11 → 0). Accordingly, we start this analysis within the initial conditions such as S 11 = 0 and the length of the input TL (TL 1 ) is quarter wavelength
To determine the dimensions (w, d) of the transmission lines TL 1 , TL 2 and TL 3 , we should deal with the characteristic impedances of each line (Z 1 , Z 2 and Z 3 ). It is worth to remind that the TL 2 and TL 3 are similar as proposed early in this part. Therefore the input impedances at the entry of each line are equal, Z in 2 = Z in 3 , and the expression on the equivalent input impedance Z eq present in Figs. 3(b) and 4 is:
According to the TL theory, Z in 2 can be expressed as follows:
where γ = α + jβ is the propagation constant. In addition, across the medium having relative permittivity ε r = ε r + jε r , the attenuation and phase constants are written as:
with d 2 the physical length of the TL 2 , Z 2 the characteristic impedances of TL 2 , Z A the impedance of the load, γ the propagation constant, α and β respectively the loss and propagation constants. As explicated earlier in (3) and (4), these quantities are expressed in function of the complex permittivity of the dielectric and the wavelength. The loss coefficient α is neglected in the present configuration. Thus, the propagation constant is adopted to be equal to the constant phase. The input impedance in (4) becomes:
Figure 4. SISO equivalent circuit of the system presented in Fig. 3 . Moreover, the T-PWD input impedance can be formulated using the same approach as for the intermediate input impedance Z in2 . Consequently, the global input impedance is written as:
As d 1 = λ g /4 and β = 2π/λ g , this input impedance can be transformed as:
By replacing Z eq with its expression in (3) and Z in 2 established in (7), the previous relation can be transformed as follows:
Synthesis of the Characteristic Impedances of Elementary Lines Constituting the Proposed Passive Antenna Array System
The proposed passive antenna array is aimed to operate as a transmitter terminal. The analysis of the global phased array system is organized with combination of the two previous theoretical approaches. For starting the synthesis, the input impedance of the microstrip antenna and the T-PWD must be initially determined. Fig. 5 displays the configuration of the equivalent system topology. It can be seen that it is composed of the T-PWD and two symmetrical patch antennas which represent the loads at the end of each tree. In order to reach the expected matching level S 11 , the considered system input impedance can be determined from the relation:
By replacing Z in formulated previously in (11) by the ideal case of the input matching S 11 = 0, the TL 1 and TL 2 characteristic impedances Z 1 and Z 2 can be determined as follows:
It can be pointed out from these expressions that these characteristic impedances do not depend on the physical length of the transmission lines TL 2 and TL 3 . Meanwhile, the perfect matching condition of the T-PWD can be obtained independently to the constituting interconnect line physical lengths.
VALIDATION RESULTS
As aforementioned earlier, the aim of the present work is to verify practically the feasibility of the 1 × 2 antenna array design on the flexible substrate. After the description of the POC design on the Kapton substrate, the fabricated demonstrators will be explored. From the simulations and measurements of the demonstrators, discussions on the return losses and antenna gain enhancement compared to the single antenna will be performed.
Description of the Flexible Antenna Array under Study
After brief recall on the flexible Kapton substrate characteristics, the passive array microstrip antenna design was performed referring to the previous design synthesis methodology.
Kapton Substrate Description
Kapton is a well-known substrate material used to implement flexible electronic PCBs. It is consisted of a polyimide substrate layer synthesized by the polymerization between an aromatic di-anhydride and a diamine [28] . It can maintain its excellent physical, electrical and mechanical properties over a wide temperature range (220 • C to 400 • C). In addition, Kapton offers excellent resistance to chemicals, there is no known organic solvent, does not melt, does not burn and can be used in high or low temperatures. Adhesives are available for bonding the Kapton film on itself and to metals, on various types of paper or other layers. Depending on the application, there are three types of Kapton which are HN, VN and FN. For a behavioral (dielectric properties) and a thermomechanical stabilities criteria at the operating frequency 5.8 GHz, the HN type kapton better suite our study. The HN type Kapton acts as substrate layer all uses, while polyimide, successfully used for applications involving temperatures as low as −261 • C or rise to 400 • C [28] . The HN type can be laminated, metallized, punched, formed or coated with an adhesive layer. It is available with the commercialized samples having thickness 7.5 µm, 12.5 µm, 19 µm, 25 µm, 50 µm, 75 µm and 125 µm. The 125 µm thick kapton HN gives the better mechanical stability and will be considered for the rest of this article. As defined by the manufacturer datasheet [29] , at the operating frequency 5.8 GHz, the Kapton relative permittivity presents dielectric constant ε r = 3.35 and loss tangent tan(δ) = 0.007.
2D Design of the POC Passive Antenna Array
The POC circuit was implemented on the Kapton substrate and the patches were synthesized to operate ideally at 5.8 GHz. This passive circuit was implemented in microstrip technology. Fig. 6 represents the 2D design of the fabricated demonstrator of passive 1 × 2 antenna array with the 3D simulation commercial tool HFSS R from Ansys R . The corresponding optimized physical parameters and the physical characteristic of the dielectric substrate are implemented in Table 1 . Figure 6 . HFSS design of the tested passive 1 × 2 antenna array. 
Simulation and Experimental Validation Results
The validations of the POC presented in the previous paragraph were made numerically with EM full wave simulations by employing the commercial tool HFSS R . After comparisons between the simulated and experimented return losses of the global antenna system, the antenna radiation pattern will be explored and discussed in this subsection.
Analyses of Fabricated Prototype in Terms of Simulated and Measured Return Losses S 11
Comparison between the return losses from single and double antenna structures were realized based on the HFSS full wave simulations. The obtained results by varying the physical width w 2 = (300 + / − 100) µm and the length d 2 = (35.7 + / − 2) mm are displayed respectively in Fig. 7(a) and Fig. 7(b) .
(a) (b) It can be emphasized that the double antenna structure return losses (here plotted in dashed line) with resonance frequency below 6 GHz is generally better for the physical width w 2 lower than 300 µm. As can be understood in Fig. 7(b) , the single antenna return losses are less affected by the considered variation of d 2 . However, the matching level is decreased around the critical value d 2 = 34.7 mm.
Before the implementation of the antenna array prototype, optimization process following the routine algorithm depicted in Fig. 8 was performed. The initial values of Z 1 , Z 2 and Z A were determined for the target level of the input return loss S 11 = −15 dB. Then, the T-PWD constituting TL physical widths w 1 , w 2 and w A were successively updated during the HFSS simulation of the overall structure. Then, the final values of the T-PWD physical parameters were considered for the prototype.
In order to investigate the practical influence of the antenna excitation feeding positions, two antenna array prototypes excited by parallel and perpendicular configurations of the feeding SMA connectors were fabricated and tested. The implemented two antenna arrays were realized in order to choose the most efficient one regarding the feeding connector configuration. The photographs of the passive antenna arrays are displayed in Fig. 9 . The illustrative of the fabricated structure bending aspect along a circular cylinder can be understood with Fig. 10 . These antenna prototypes were initially synthesized to operate at about 5.8 GHz.
Thus, the HFSS simulated and measured return losses from the implemented POC prototypes are depicted in Fig. 11 . As expected, the resulting return losses from simulation and measurements are quite similar in terms of amplitude (nearly −25 dB for both) even though there is a shift of the resonant frequency about 150 MHz. This can be explained first with fabrication process in which the realized dimensions are quite different from the simulated one. In other words, the difference between the simulations and measurements can be also induced by the microstrip etching effects on the fabrication imperfections. Also in measurement, there is a consideration of parasitic elements which are not taken in account in simulation. Additionally, the frequency shift between simulations and measurements can be explained with the fabrication inaccuracies and also the dispersion of the Kapton substrate dielectric characteristics. It can be observed that the prototype with a feeding SMA connector in perpendicular position with respect to the circuit ground plane generates a reasonable S 11 of −24 dB at the resonance frequency around 6.02 GHz. It means that nearly 94% of the delivered power is accepted by the implemented antenna array. The return loss from the other antenna prototype with a parallel configuration of the SMA connector is plotted in Fig. 11 , where a much higher return loss of −12 dB is related at the resonance frequency around 5.98 GHz. For this prototype, the accepted input power can be assessed roughly at about 75%. A second resonance frequency at 6.4 GHz is unexpected occurred due to the parasitic radiation from the excitation point. The above phenomenon on return loss for the parallel SMA connector can be explained by the presence of parasitic waves from the feeding network. In this configuration, the parasitic waves are in phase with the incident field which can be added as loss power and lead to a fall of the accepted power. The feeding network resonance is responsible of second resonance frequency. It can be emphasized that it is better to consider a perpendicular SMA connector in order to reduce the parasitic power from the feeding network and maximize the accepted power. Therefore, this configuration is suggested for the simulation and measurement validations of the two array passive patch antenna. This effect illustrates the advantages offered by the microstrip antenna with perpendicular configuration excited from the ground plane.
Analyses and Validation of Measured and Simulated Radiation Patterns from the Simulated 1 × 2 Antenna Array
In order to validate the simulated radiation patterns, measurements were performed at the resonance frequency 6.02 GHz. The antenna prototype shape was held in planar configuration during the measurement process in an anechoic chamber. A comparison between measured and simulated radiation patterns in terms of realized gain is depicted in Fig. 12 .
The simulated radiation patterns were performed at the resonance frequency 5.83 GHz, as referred in previous section. From these results, it can be clearly emphasized that in terms of shape, the simulated and measured radiation patterns are globally similar, where in Fig. 12(a) the main lobe direction is oriented in θ = 0 • for both measurement and simulation and also the presence of secondary lobes representing the two radiating elements is respected. Same remarks can also be also noticed in Fig. 12(b) where the maximum value of simulated realized gain reach 2.33 dB at θ = 14 • and the maximum value of measured realized gain reach 0.42 dB at θ = 14 • . Though there is nearly 1.9 dB of gap on the maximum magnitude of the realized gain in Fig. 12(b) which can be allocated on fabrication accuracy and measurement uncertainties, subsequently, the experimental results enable to validate the proposed antenna design concept.
Moreover, HFSS full wave simulations were performed for both planar and bended configuration of the array antenna in order to visualize the effects of bending the antenna. The simulated 2D radiation patterns over the realized gain of the 3D structure introduced in Fig. 6 are displayed in Fig. 13 . From these results, especially for the cases where ϕ = 90 • , it can be underlined that the main lobe of radiation pattern for the bended configuration 2 is progressively switching to the opposite direction (θ = 180 • ) compared to the radiation pattern at the planar state of the antenna. This is can be explained by the fact that the geometrical position of the 2 radiating elements of the antenna, in our case, is in the back side compared to the one in planar configuration. Moreover, the bended antennas are less directional than the planar first because the radiating elements are in this case physically close, which results in an increase of coupling between these elements, thus increase of destructive interferences. Secondly, in bending the antenna the ground plane is electrically small than in planar configuration therefore the reflecting effect of the ground plane is reduced which result is a decreased magnitude of the radiation pattern.
In the other side, the magnitude of the realized gain is decreasing when bending the antenna, a phenomena which joins the explanation above where the planar antenna has a more directive radiation pattern because there are less coupling between radiating elements and also the ground plane is electrically bigger.
Finally, the efficiency of the simulated 1 × 2 antenna array was also computed. The corresponding results can be seen in Fig. 13 . The radiation and total efficiencies are respectively plotted in solid and dashed lines. As expected, the simulated radiation efficiency is higher in the operating frequency band. The maximal radiation efficiency is of about 17.3% at the operating frequency 5.83 GHz.
CONCLUSION
A feasibility analysis and design of flexible microwave circuit consisted of the passive antenna array on the Kapton substrate is investigated. First, the analytical approach enabling to perform the design methodology is established. The antenna system comprised of microstrip antenna and T-PWD is elaborated based on the TL theory. Based on the T-structure SIMO/SISO transform of the array system, the equivalent input and output impedances were formulated in function of the interconnect line characteristics constituting the T-PWD. Then, the synthesis relation for calculating the optimal antenna input impedance is established.
After optimization, a POC of microstrip passive 1 × 2 antenna array printed on Kapton substrate was designed, simulated, fabricated and measured. A good correlation between the simulations and measurements of the return losses were found. Furthermore, the radiation pattern and efficiency from HFSS full wave simulations were analyzed. It was stated that the antenna gain can be increased with the array antenna compared to the single antenna.
The proposed flexible antenna system is beneficial in terms of the directivity thanks to the mechanical flexible of the substrate. Moreover, the developed antenna and PWD structure is very useful for the future generation of the RF/analogue wireless communication devices. For example, with the rising interests on the future technology as wearable and connected objects, the flexible antenna system is a promising solution for the RF/microwave designers. Among the most important applications, one can cite also the engine structures (automobile, aircraft. . ..) of communication terminals with arbitrary and irregular shapes. Finally, the flexible antenna on plastics is also expected as a good candidate to reduce the design cost.
